P transposable elements were discovered in Drosophila as the causative agents of a syndrome of genetic traits called hybrid dysgenesis. Hybrid dysgenesis exhibits a unique pattern of maternal inheritance linked to the germline-specific small RNA piwi-interacting (piRNA) pathway. The use of P transposable elements as vectors for gene transfer and as genetic tools revolutionized the field of Drosophila molecular genetics. P element transposons have served as a useful model to investigate mechanisms of cut-and-paste transposition in eukaryotes. Biochemical studies have revealed new and unexpected insights into how eukaryotic DNA-based transposons are mobilized. For example, the P element transposase makes unusual 17nt-3′ extended double-strand DNA breaks at the transposon termini and uses guanosine triphosphate (GTP) as a cofactor to promote synapsis of the two transposon ends early in the transposition pathway. The N-terminal DNA binding domain of the P element transposase, called a THAP domain, contains a C 2 CH zinc-coordinating motif and is the founding member of a large family of animal-specific site-specific DNA binding proteins. Over the past decade genome sequencing efforts have revealed the presence of P element-like transposable elements or P element transposase-like genes (called THAP9) in many eukaryotic genomes, including vertebrates, such as primates including humans, zebrafish and Xenopus, as well as the human parasite Trichomonas vaginalis, the sea squirt Ciona, sea urchin and hydra. Surprisingly, the human and zebrafish P element transposase-related THAP9 genes promote transposition of the Drosophila P element transposon DNA in human and Drosophila cells, indicating that the THAP9 genes encode active P element "transposase" proteins.
INTRODUCTION
P transposable elements are one of the best-studied eukaryotic mobile DNA elements in metazoans. These elements were initially discovered in the late 1960's because they cause a syndrome of genetic traits termed hybrid dysgenesis [1] . The molecular cloning and biochemical characterization of the P element transposition reaction have led to general insights regarding eukaryotic cut-and-paste-transposition. P elements have also facilitated many applications as genetic tools for molecular genetics in Drosophila.
This review will focus on the experiments and results that have taken place over the past decade related to understanding the mechanism, distribution, specificity and uses of P element transposition. It will also discuss studies aimed at providing insights into how P element transposition is controlled, how P elements rely upon their host cells to provide the functions necessary to aid their successful mobility and how the damage they incur to the genomes in which they reside is limited and repaired. For reviews about other aspects of P element biology, more historical perspectives on the invasion of P elements into Drosophila and the genetic inheritance patterns of hybrid dysgenesis and P cytotype regulation, the reader is referred to earlier review articles [2] [3] [4] [5] [6] [7] [8] [9] [10] and the previous review article in this ASM series [11] .
I. P TRANSPOSABLE ELEMENTS IN
DROSOPHILA AND OTHER EUKARYOTIC GENOMES I.A. Structure and protein products of P transposable elements Isolation and DNA sequence analysis of the P elements showed a wide variation in size in a typical P strain, from 0.5 -2.9kb [12] . P strains carried 50-60 P element insertions, of which approximately one-third were full-length (2.9kb) whereas the remainder were internally-deleted in different ways [13] . All P elements have a canonical structure that includes 31bp terminal inverted repeats (TIR) and internal inverted repeats (IIR) of 11bp located about 100bp from the ends that interact with the THAP domain of the transposase [14] (Fig. 1A ). Between these two repeats, but distant from the site of DNA cleavage, are highaffinity binding sites for the P element transposase protein THAP DNA binding domain (see below; Fig. 1A ; [15] ).
The largest active, complete, P element analyzed is 2907 bp in length and contains four non-contiguous open reading frames [12] (Fig. 1B) . All four open reading frames or exons are required for P element mobility and encode the 87kD transposase protein [16, 17] . These open reading frames are functionally joined together at the RNA level via pre-mRNA splicing [18] . The expression of transposase is normally restricted to germline cells because splicing of the P element third intron (IVS3) only occurs in the germline. In addition, it was shown that in somatic cells (and also to a large extent in the germline) the third intron (IVS3) is retained, producing a functional mRNA that encodes a 66kD protein [17] . The 66kD protein functions as a repressor of transposition and has been termed a Type I repressor [19] [20] [21] [22] (Fig. 1B) . In addition, some truncated proteins produced from the smaller, internally-deleted P elements present in natural P strains or engineered can act as repressors of transposition and are called Type II repressors [5, 14, [23] [24] [25] . In summary, P element transposition in vivo requires about 150bp of DNA in cis at each transposon end, including 31bp terminal inverted repeats and the high-affinity transposase binding sites. Upon insertion P elements create an 8bp duplication of target DNA and the elements can encode a transposase, as well as DNA binding repressors of transposition.
I.B. P elements, P element-related THAP9 genes and active P element "transposase-like" genes in other eukaryotic genomes Sequencing of the human genome revealed the presence of ∼ 50 genes that were derived from DNA transposable elements [26] . One of these genes, termed THAP9, bears homology to the Drosophila P element transposase ( Fig. 2 and [27, 28] ). Further genome sequencing efforts over the past decade have led to the discovery of P elementrelated THAP9 genes or transposons in a variety of organisms in addition to humans, including other primates, zebrafish, Xenopus [29] , Ciona [30] , sea urchin, hydra [31] and the human pathogenic protozoan parasite, Trichomonas vaginalis [32] . Notably, the THAP9 gene is FIGURE 1 Features of the complete 2.9kb P element. A.) Sequence features of the 2.9kb P element. The four coding exons (ORF 0, 1, 2 and 3) are indicated by boxes with nucleotide numbers shown. The positions of the three introns (IVS 1, 2, 3) are indicated below. The DNA sequences of the 31bp terminal inverted repeats (TIR) and the 11bp internal inverted repeats (IIR) are shown, with corresponding nucleotide numbers shown above. The 8bp duplications of target site DNA are shown by boxes at the ends of the element. DNA binding sites for the transposase protein from the 5′ end (nt 48-68) and from the 3′ end (nt 2855-2871) that are bound by P element transposase [15] . The consensus 10bp transposase binding site is: 5′-AT(A/C)CACTTAA -3′. Distances of the beginning of the 10 bp core high affinity transposase binding sequence from the corresponding 31bp terminal repeat are indicated. Note that there are distinct spacer lengths between the 31bp repeats and the transposase binding sites, 21bp at the 5′ end and 9bp at the 3′ end, which are indicated.The sequence of the 11bp internal inverted repeats are also shown, which bind the P element THAP DNA binding domain [54] . Nucleotide numbers are from the 2907bp full-length P element sequence. B.) P element mRNAs and proteins. The 2.9kb P element and four exons (ORF 0, 1, 2 and 3) are shown at the top. The germline mRNA, in which all three introns are removed, encodes the 87kD transposase mRNA. The somatic mRNA, in which only the first two introns are removed (and which is also expressed in germline as well as somatic cells), encodes the 66kD repressor mRNA. Shown at the bottom is a KP element, which contains an internal deletion. This truncated element encodes a 24kD repressor protein. doi:10.1128/microbiolspec.MDNA3-0004-2014.f1 absent from rodents, rats and mice, and a defective copy is found in the chicken genome [33] .
The human THAP9 gene is homologous (25% identical and 40% similar) to the Drosophila P element transposase throughout the entire length of the protein [27, 33] . The discovery of the human THAP9 gene suggests a possible invasion of P element-like transposons into vertebrates. The THAP9 gene appears most recently functional as a transposase in zebrafish (called Pdre2; [33] , where there are obvious inverted repeat elements (called Pdre elements; [33, 34] ) carrying 13bp terminal inverted repeats (TIRs) and 12bp sub-terminal inverted repeats (STIRs) with a ∼ 400bp spacer and which carry direct 8bp target site duplications flanking the TIRs (Fig. 3A ). In addition to the full-length Pdre2 THAP9 transposase-like gene, there are also multiple internallydeleted Pdre elements elsewhere in the zebrafish genome reminiscent of Drosophila P strains [33, 34] .
Regarding the activity of the vertebrate THAP9 genes, it has recently been shown that the human THAP9 protein can mobilize Drosophila P elements in both Drosophila and human cells ( Fig. 3B and 3C ) [35] . These results indicate that human THAP9 is an active DNA recombinase that retains the catalytic activity to mobilize P transposable elements across species. However, the cellular function of human THAP9 is still unknown. It may be the case that the human THAP9 gene could encode a recombinase that acts on remote recombination signals elsewhere in the human genome, similar to Rad1/ 2 activity in V(D)J recombination. Gene expression profiling indicates that the human THAP9 gene is highly expressed in embryonic stem cells, testes and kidney.
In addition to THAP9, the human genome has 11 THAP domain-containing genes ( [28] ; Fig. 2 ). Many have been characterized as transcription factors that control the expression of genes involved in apoptosis, cell cycle regulation, stem cell pluripotency and epigenetic gene silencing. Human THAP domain family members have also been implicated in a variety of human diseases, including heart disease, torsional dystonia and cancer. The THAP DNA binding domain appears to be restricted to animals because no known or predicted THAP domain-containing genes have been found in plants, yeast, other fungi or bacteria.
I.C. P elements as tools for Drosophila genetics and the Drosophila genome project
One of the most important uses of P elements since their discovery has been P-element-mediated germ line transformation. The method makes use of the fact that P elements normally only transpose in germline cells and that a P element carrying a foreign gene can be mobilized in trans using a source of transposase [36] [37] [38] (Fig. 4) . The Berkeley Drosophila genome project (BDGP) has collectively developed strategies which efficiently use single P element mutagenesis [39, 40] , leading to largescale P element insertional mutation screens so that now 9440 or about two-thirds of the annotated proteincoding genes are tagged [41] [42] [43] . It was discovered that normally P elements transpose preferentially in cis, within about 50 -100kb from their initial location, so-called "local hopping" [44, 45] . P elements can also undergo transposase-mediated excision and transposaseinduced male recombination to generate deletions flanking an existing P element insertion [46] . These smaller deletions can be enlarged by performing P element excision crosses in a DmBLM/mus309 mutant genetic background (defective for repair of P element transposase-induced DNA double-strand breaks; more details in section II.F) [47] [48] [49] . P elements have also played a role in other molecular genetic methods, such as homologous gene targeting [50] and in the use of libraries of bacterial artificial chromosomes (bac) for transformation and recombineering [36, 38, 51] . Thus, P elements have continued to play important roles in the post-genome sequence era of Drosophila genetics and genomics.
II. MECHANISM OF P ELEMENT TRANSPOSITION II.A. Cis-acting DNA sites involved in Drosophila P element transposition Experiments using P element-mediated transformation showed that the 31bp inverted repeats were required for transposition ( Fig. 1A) [16, 52] . Extensive mutagenesis studies subsequently showed that both the terminal 31bp inverted repeats and the high affinity internal transposase binding sites are also required for transposition in vivo [53] . Additionally, the internal 11bp inverted repeats located at ∼120bp from each transposon end function as transpositional enhancer elements ( Fig. 1A ) [53] . These 11bp internal inverted repeats can interact with the N-terminal THAP DNA binding domain of the P element transposase ( Fig. 1A ) [54] . Analysis of hybrid elements carrying tandem 5′ and 3′ ends showed that two different P element ends (a 5′ and 3′ end) must be paired for transposition to occur, indicating that the two P element ends are not equivalent [53] . In summary, the cis-acting DNA sites for P element transposition include 31bp terminal inverted repeats, 11bp sub-terminal inverted repeats and internal 10bp transposase binding sites, located between the terminal inverted repeats and sub-terminal inverted repeats. Interestingly, the zebrafish Pdre P-like elements also have both terminal and sub-terminal inverted repeats (see section, I.B., above and Fig. 3A ). All P elements analyzed to date in Drosophila, as well as P elementrelated transposons in zebrafish, create 8bp direct duplications of target site DNA upon insertion [33, 55, 56] . 
II.B. The Drosophila P element transposase
Understanding the domain organization of the P element transposase had come from biochemical studies, genetic experiments and sequence comparisons of P elements from other Drosophila species and other eukaryotes with P element transposase-like THAP9 genes. The Nterminal THAP DNA binding domain is a C 2 CH zinc binding motif with an adjacent basic region and is the site-specific DNA binding domain ( Fig. 5A ; see section II.D., below) that recognizes the internal transposase DNA binding sites and the 11bp sub-terminal inverted repeats [15, 54] . Adjacent to the THAP domain is a long coiled-coil region made up of a canonical leucine-zipper motif with heptad leucine/isoleucine repeats and an adjacent longer coiled-coil motif (up to residue 221; Fig. 5A ). This type of coiled-coil region in the transposase protein, commonly found in THAP domain-containing proteins, allows protein dimerization, although this is not essential for high affinity site-specific DNA-protein recognition [54, 57] . Biochemical studies revealed a requirement for GTP as a cofactor during P element transposition [58] , suggesting that the transposase would bind GTP. The central region of the transposase protein contains several sequence motifs found in the GTPase protein superfamily [59, 60] (Fig. 5A and 5B ). Mutation of some of the key conserved residues abolished GTP binding in vitro and transposase activity in vivo [61] . Alteration of the most conserved NKXD guanine recognition motif to the NKXN motif xanthine recognition motif (D379N) altered the purine nucleotide requirement for transposase activity from guanosine to xanthosine triphosphate, both in vitro and in vivo, indicating that purine nucleotide cofactor binding is required for transposase activity [61] (Fig. 5B ). It is know known that GTP plays a key role in synapsis of the two transposon ends during transposition [62, 63] (see section II.E., below). FIGURE 4 P element-mediated germline transformation. Outline of the method for germline transformation of Drosophila using P element vectors. Two plasmids, one encoding the P element transposase protein but lacking P element ends and the second plasmid carrying a foreign DNA segment and an eye color marker gene (w + or ry + ) within P element ends, are injected into the posterior pole of pre-blastoderm embryos. Once the transposase plasmid enters nuclei of presumptive germline cells and is expressed, it leads to transposition of the P element from the second plasmid into Drosophila germline chromosomes. Following development of the injected embryos (G 0 generation), the surviving adults are mated to wor ryflies (G 1 generation) and the progeny from this cross (G 2 generation) are scored for restoration of wild type eye color. The transformation frequency is typically ∼20% of the fertile G 0 adults are carrying the transgene [37] . doi:10.1128/microbiolspec.MDNA3-0004-2014.f4
The carboxyl-terminal region of the transposase protein, including exon 4 (ORF3), contains a high proportion of acidic amino acid residues ( Fig. 5C ). Mechanistically, the P element transposase belongs to the superfamily of polynucleotidyl transferases, including the transposases from bacteriophage Mu and other bacterial mobile elements, the retroviral integrases, the Holliday junction nuclease RuvC, the RNaseH superfamily [64, 65] and the RAG1 subunit of the V(D)J recombinase [66] [67] [68] . These enzymes generally use metal ion-mediated catalysis of phosphodiester bond hydrolysis and formation, where acidic amino acids in the protein active site serve to coordinate a divalent metal ion, usually magnesium [65, 69] . Because the P element-encoded 66kD repressor protein lacks catalytic activity and because of the high proportion of acidic amino acid residues in the C-terminal part of the protein, it seemed likely that acidic residues found in this region might constitute the catalytic domain of the protein. Mutagenesis studies of many acidic C-terminal residues have failed to identify a set of clear catalytic residues (D. Rio and colleagues, unpublished results). However, sequence-and structure-based (Phyre2)
[70] alignments suggest a relationship to the hermes transposase, with putative RNaseH secondary structures and catalytic residues between the THAP domain and GTP binding regions at the N-terminal portion of the protein [64, 65, 71] . It may be the case that the GTP binding domain of the Drosophila P element transposase was inserted into a progenitor RNaseH-like catalytic domain [64, 65] . Recent exhaustive bioinformatics analyses, using all known P element-related protein sequences from the sequenced eukaryotic genomes in the Repbase database, revealed a conserved D, D, E-like motif common to all P element-transposase-related proteins known [71] , including the THAP9 family ( Fig. 5C ). Thus, it appears that the P element transposase is a member of the DDE enzyme superfamily with a complex metal ion binding site configuration in the active site.
II.C. Biochemical characterization of P element transposase
Purification and characterization of the P element transposase protein from Drosophila tissue culture cell nuclear [61] . Acidic residues are enriched at the C-terminus. B.) Similarities between P element transposase and GTPase superfamily members. Alignments of regions of P element transposase that bear some resemblance to known G proteins. The conserved motifs for phosphoryl binding and guanine specificity are indicated at the top. Amino acid numbers are given below for ras, T antigen and P element transposase. The residue D379 that when changed to N (aspartic acid to asparagine) switched the nucleotide specificity from guanosine to xanthosine in P element transposase is indicated at the bottom. Figure taken from [61] . C.) Sequence of the P element transposase with predicted secondary structural elements and putative catalytic signature residues. Taken from [71] . doi:10.1128 /microbiolspec.MDNA3-0004-2014.f5 FIGURE 5 continues on next page extracts showed that the 87kD transposase protein binds to 10bp sites near each end of the P element, located between the terminal 31bp and internal 11bp inverted repeats [15] (Fig. 1A) . The consensus transposase binding site is: 5′-AT(A/C)CACTTAA -3′. The two high-affinity transposase binding sites do not overlap the terminal 31bp inverted repeats which are known to be required for transposition in vivo [16, 53] (Fig. 1A) . Following initial recognition of these binding sites by transposase, a GTP-dependent assembly (or synapsis) occurs to bring the two transposon ends together [62, 63] (see section II.E., below and Fig. 6B ). The purified P element transposase protein was used to develop in vitro assays to study the different steps of the transposition reaction: donor DNA cleavage and target DNA integration [58] . The in vitro reaction required wild type transposase DNA binding sites on the donor P element and linear pre-cleaved donor DNA could be used as a substrate, indicating that supercoiling of the donor DNA is not required for transposition. Importantly, 3′ hydroxyl groups at the P element ends were required for activity indicating that, like other transposition systems, a 3′-hydroxyl group is used as a nucleophile during strand transfer [58] . These studies demonstrated that P element transposition proceeds via a cut-and-paste mechanism.
Most surprisingly, the nucleoside triphosphate guanosine triphosphate (GTP) was discovered as a critical cofactor for P element transposition [58] . Non-hydrolyzable GTP analogs (GTP-γ-S, GMP-PNP and GMP-PCP) showed levels of activity equivalent to those observed with normal GTP, indicating that hydrolysis of a high energy phosphoryl bond was not required for activity. This suggests that GTP plays an allosteric role by binding to P element transposase, in the same way that GTP modulates the conformation and activities of other GTP-binding proteins, such as ras and mammalian Ga subunits [59, 72] or the GAD family member dynamin [73] . The GTP requirement for the P element transposase protein is unique among this class of polynucleotidyl transferase proteins. Singlemolecule imaging studies showed that GTP plays a critical role in initial synapsis of the transposon ends ( [62, 63] ; see section II.E., below).
Physical assays for the detection and analysis of reaction products and intermediates were developed using both radiolabeled and unlabeled P element DNAs leading to the detection of an excised P element transposon fragment, directly confirming that transposition occurs through double-strand DNA breaks at the transposon termini [74] . DNA cleavage mapping experiments showed that P elements are excised from the donor DNA site by an unusual set of cleavages at the transposon ends [74] . The 3′ ends (bottom strands) of the transposon DNA are cleaved at the junction with the 8bp target site duplication (Fig. 6A ). But surprisingly, the 5′ ends (top strands) were cleaved 17nt into the 31bp inverted repeats generating novel 17nt 3′ single-strand extensions on both the excised transposon and flanking donor DNAs (Fig. 6A) . These transposase-mediated in vitro DNA cleavage sites are consistent with previously characterized in vivo P element excision products [47, 75] . This long 3′ single-strand extension may facilitate entry of cleaved donor DNA sites into DNA repair pathways and could contribute to the irreversibility of the P element excision reaction.
Further studies of P element transposase protein in vitro used synthetic oligonucleotide substrates. First, these studies showed that the 17nt single-stranded 3′ extension is critical for strand transfer because a decrease in the length or mutation of the exposed single-stranded DNA extension caused a drastic reduction in strand transfer activity [76] . Second, chemically-modified oligonucleotide substrates were used to probe the protein-DNA contacts that were critical for strand transfer activity by P element transposase [76] . These experiments demonstrated that critical contacts between transposase and both the duplex and single-stranded regions of the substrate DNA are necessary for strand transfer activity in vitro [76] . In addition, there were sites in which DNA modification actually stimulates strand transfer, indicating that distortion of the substrate DNA may facilitate the chemistry of strand transfer, such as those observed with Mu transposase [77, 78] and HIV integrase [79] . Thus, while the initial donor DNA cleavage reaction occurs on duplex DNA, the strand transfer reaction uses a completely different substrate in which the singlestranded region at the P element ends are critical for activity indicating that there is a significant active site flexibility in the P element transposase protein during transposition.
Using oligonucleotide substrates that mimic a strand transfer intermediate carrying a pre-cleaved P element end joined to target DNA, the purified transposase protein can carry out disintegration [76] , in a similar manner to the retroviral integrases [80] , Mu transposase [81] and two other eukaryotic recombinases, the C. elegans Tc1 transposase [82] and the V(D)J RAG1/2 recombi- nase [83] . The ability of these proteins to perform disintegration may be significant in genomic surveillance because these disintegration reactions may serve to pre-vent chromosomal translocations and other rearrangements that might ensue following aberrant transposition events [83] . II.D. Protein-DNA recognition by the THAP family of C 2 CH-zinc-coordinating DNA binding domains THAP domains are a recently described family of zinccoordinating DNA binding motifs, first recognized in the P element transposase [28] . The THAP domain is 80-90 amino acid residues, typically located at the amino terminus of the protein and contains a C 2 CH (consensus: Cys-X 2-4 -Cys-X 35-50 -Cys-X 2 -His) zinc-coordinating motif and other signature elements, including a C-terminal AVPTIF sequence. Although the THAP domain of THAP proteins share low primary sequence identity, recent structural studies have shown that there is strong conservation of the overall β-α-β protein fold and secondary structure elements. Structures of the P element transposase bound to its DNA site using X-ray diffraction [57] and of the human THAP1 protein bound to its DNA site using NMR [84] have shown that THAP domains recognize their DNA sites in a bipartite manner, using two β-strands in the major groove and a basic C-terminal loop in the adjacent minor groove. The X-ray crystal structure of the P element transposase THAP domain (DmTHAP) bound to DNA ( Fig. 7  and 8) shows that His18 and Gln42 from the two β-strands at the N-terminus of DmTHAP, make a total of six direct contacts with DNA bases in the major groove of DNA and engage both strands of the DNA duplex ( Fig. 7 and 8) . Notably, the residues making the most central contacts with the DNA, including watermediated hydrogen bonds to specific DNA bases in the major groove, show little (His18) or no (Gln42) sequence conservation within the human THAP protein family ( Fig. 7C ; [57] ). Presumably, sequence variability at these positions, along with differences in the length and amino acid composition of the N-terminus, specifies the precise DNA sequences recognized by the THAP proteins through the major groove sub-site [57] . The variability of residue Gln42 (Fig. 7C ), which interacts with several bases via multiple hydrogen bonds is unusual, since amino acid residues involved in multiple base-specific interactions are typically less variable [57] . This observation correlates well with the finding that the most conserved THAP domain residues play structural roles, namely all the invariant residues besides the C 2 CH zincbinding motif are involved in forming the hydrophobic core of the protein (Fig. 7A and 7C ).
In addition to major groove DNA contacts, there are multiple residues in the loop 4 region of DmTHAP that are involved in adjacent minor groove DNA interactions (Fig. 7C and 8A and 8B) . The residues corresponding to R65, R66 and R67 in DmTHAP, which are both contacting DNA (R65 and R67) and positioning the loop 4 region of the protein (R66), are different in human THAP9 (FK*R65*R*R67*LN in DmTHAP and GI*R*R*K*LK in human THAP9 (Fig. 7C ). The minor groove binding residues may modulate DNA binding affinity, since the DmTHAP domain with its RRR motif has a higher affinity for its site than human THAP1, which has NKL in the corresponding position (Fig. 7C) . The higher affinity DNA binding by the Drosophila P element transposase THAP domain compared to other THAP domain proteins [57] , may have some role in the high frequency of P element mobility in Drosophila.
II.E. A GTP-dependent protein-DNA assembly pathway for Drosophila P element transposition
One of the unique and unexpected discoveries concerning P element transposition is its requirement for GTP as a cofactor. Biochemical studies indicated that GTP was not required for site-specific DNA binding by the P The protein-DNA interface. Experimental electron density map of the DNA (blue mesh) is contoured at 1.5σ. DmTHAP is shown as a ribbon diagram and labeled by secondary structure, with the β-α-β motif highlighted in magenta. Zinc is shown as a green sphere. B.) Base-specific interactions in the major and minor groove. Interacting amino acids are shown as magenta sticks; DNA is shown in blue surface representation; zinc-coordinating residues are shown as green sticks. C.) Structure-based multiple sequence alignment of DmTHAP, human THAP1, 2, 7, 9 and 11, and C. elegans CtBP. Conserved residues are highlighted; zinc-coordinating C 2 CH motif is highlighted in green and indicated by green circles; DNA-binding residues of DmTHAP are indicated by magenta circles and are labeled. The secondary structure diagram is shown for DmTHAP and labeled as in (A). Taken from [57] . doi:10.1128/microbiolspec.MDNA3-0004-2014.f7 element transposase and that the purified transposase from Drosophila cells was a tetramer, that was unaffected by the presence or absence of GTP or DNA. Attempts to detect transposase-DNA complexes using native gel electrophoresis proved unsuccessful. However, single-molecule imaging using atomic force microscopy (AFM) of tranposase-DNA complexes has led to important insights into the role of GTP in the P element transposition pathway. First, GTP promotes formation of a stable synaptic complex between the transposase tetramer and the P element DNA ( Fig. 6B; [63] ). Second, time course reactions revealed the presence of both synaptic complexes and cleaved donor DNA complexes. These imaging experiments showed that while synapsis was fast (0-30 min.), cleavage of the donor DNA was slow (hours) and took place in a random, non-concerted manner in which one transposon end was cleaved and then later the second end was cleaved [62, 63] . Third, in the absence of GTP the tetrameric transposase only bound to one transposon end ( Fig. 6C ; [62] ) and upon addition of GTP or non-hydrolyzable GTP analogs synaptic complexes formed [62, 63] . Thus, GTP promotes synapsis of the two transposon ends, a critical step in the P element transposition pathway, possibly by reorienting one of the THAP domains in the transposase tetramer.
II.F. Target site selection in Drosophila P element transposition
All of the P elements that were analyzed initially [12] and subsequently, including a recent set of 2266 insertions from the Berkeley Drosophila Genome Project (BDGP) showed that an 8bp duplication of target DNA occurs when P elements integrate [85] . Bioinformatic analysis of this data and additional data from the Drosophila genome project showed that the insertion sites tended to be GC-rich and, in fact, that there was a symmetric palindromic pattern of 14bp centered on the 8bp target duplication found at the insertion sites with a conserved consensus motif ( Fig. 9) [55, 56, 85] . This pattern would make sense if the recognition of target site DNA required binding of two (or an even number of) subunits of the transposase protein in a synaptic complex juxtaposing the two P element ends with the insertion sites in the target DNA.
It was found that in cells P elements normally can transpose preferentially in cis, within about 50 -100kb from the initial location, so-called "local hopping" [44, 45] . It has also been noted that P elements tend to insert near the 5′ ends of genes, near promoters, and a correlation was made to sites of binding of the DNA replication factor ORC [86] , but this may simply reflect an open chromatin organization at Drosophila gene promoters. 
II.G. DNA repair pathways involved in P element transposition in Drosophila
Excision of a P element results in a double-strand DNA break, which can then be repaired via a gap repair process using a homologous chromosome or sister chromatid as a template [58, 87] . It was also shown that ectopic templates could be used for gap repair with about 30bp of homology and a dramatic preference for template use in cis, on the same chromosome, was observed [88] [89] [90] . Incomplete copying can also explain how internallydeleted P elements are generated in natural P strains. The generation of internally-deleted products are consistent with a model for the gap repair process occurring via a synthesis-dependent strand annealing (SDSA) mechanism [91, 92] first described for replication-linked recombination in bacteriophage T4 [93] . This template-directed DNA repair following P element excision suggests a way for P elements to increase in copy number since the gap repair process restores a new copy of the P element at the donor site, while the excised element transposes to a new location ( Fig. 10) .
Molecular and genetic studies have allowed testing of the involvement of different DNA repair pathways in the repair of P element-induced or other types of DNA breaks. The mus309 gene encodes the Drosophila homolog of the Bloom's DNA repair helicase (DmBLM) [94] . Mus309 mutants are sterile and mutagen-sensitive [95] . They are also defective for repair of P element transposase-induced DNA double-strand breaks [47, 48, 91, 92, 94] . Other studies have shown that mus309 mutants are defective for repair by the homologydirected SDSA pathway [91] and that the defects of mus309 mutants can be rescued by transgenes encoding Ku70, a subunit of the heterodimeric Ku complex involved in the non-homologous end joining (NHEJ) pathway [47, 94] . Using RNA interference and plasmidbased assays, similar conclusions were reached regarding an interplay or competition between these two repair pathways [96] . More detailed genetic analyses have indicated differential requirements for DmBLM during development [97] and that in the absence of DmBLM there is an increase in the use of other DNA repair pathways, such as single-strand annealing (SSA) [98] or non-homologous end-joining (NHEJ) can then be used [99] [100] [101] . More recently, microhomology-dependent pathways for repair have been revealed in Drosophila [102] . A series of studies using transgenic reporters to detect alternate DNA repair pathways using either P element or I-Sce I nuclease-induced DNA breaks showed that different repair pathways can be used to repair these double-strand DNA breaks [99, 100] . Interestingly, when one DNA repair pathway is disrupted, others compensate to provide a means of genome stability. Thus, P elements are capable of efficiently using cellular DNA repair pathways.
III. REGULATION OF P ELEMENT TRANSPOSITION IN DROSOPHILA III.A. Hybrid dysgenesis, P cytotype, the piwi-interacting (piRNA) small RNA pathway, adaptation and paramutation
Hybrid dysgenesis is the term used to describe a collection of symptoms including high rates of sterility, mutation induction, male recombination (which does not normally occur in Drosophila) and chromosomal abnormalities and rearrangements [2] [3] [4] [5] [6] [7] [8] 11] . Hybrid dysgenesis and its associated sterility and mutation induction are normally only observed in the germlines, but not in somatic tissues, of progeny from crosses in which males carrying P transposable elements (termed P or paternally-contributing strains) are mated to females that lack autonomously mobile P elements (termed M or maternally-contributing strains) ( Fig. 11 ). Initial studies on the reciprocal cross effect in hybrid dysgenic crosses led to the description of two regulatory states based on genetic crosses between P and M strains. M strains were said to have an M cytotype state, which was permissive for P element mobility, whereas P strains were said to have P cytotype, a state which is restrictive for P element movement [103, 104] . These reciprocal cross experiments followed the repressive effect of P strain females for several generations [103, 105, 106] . The segregation pattern of P cytotype exhibited some aspects of strict maternal inheritance in that the cytotype of the great grandmother played a role in determining whether subsequent progeny displayed M or P cytotype. Studies of the regulatory effects of P cytotype have used several different genetic assays (Table I) , which can differ in their tissue specificity and whether or not they directly assay P element mobility.
The study of one repressor-producing P strain derived from a wild population, called Lk-P(1A), has been particularly informative regarding the mechanism and genetics of P cytotype regulation [107] . Lk-P(1A) contains two full-length P elements near the telomere of the X FIGURE 10 Homology-dependent gap repair following P element excision via the SDSA (synthesis-dependent strand annealing) pathway. Homologous chromosomes or sister chromatids, which after undergoing P element excision leave a double strand gap at the donor site. The homologous sequence then serves as a template for synthesis dependent strand annealing synthesis (SDSA) [91, 93, 157] . Completion of DNA repair replaces the original P element with a newly synthesized copy. If DNA synthesis during this gap repair process is incomplete, internal deletions of the P element would result. doi:10.1128/microbiolspec.MDNA3-0004-2014.f10 chromosome at cytological position 1A, which lie in inverted orientation separated by ∼5kb; these elements are integrated into sub-telomeric heterochromatic repeat sequences known as TAS repeats (for Telomere-Associated Sequences) [108, 109] , which have been shown to be hotspots for P element insertion [110] . Lk-P(1A) exhibits a very strong P cytotype repressive effect characteristic of the regulatory properties observed with normal P strains.
Studies on Lk-P(1A) used either of two genetic tests for P element cytotype control, gonadal dysgenic (GD) sterility or the singed-weak (sn w ) hypermutability assays (Table I) [108] . Lk-P(1A) displayed a P cytotype repression effect equal to that observed with several natural P stains carrying twenty to thirty times the number of P elements [108, 111] . The repressive properties of Lk-P (1A) were found to be strong in germline tissues and were maternally transmitted, but repression was observed only weakly in somatic tissues [108] . By contrast, a natural P strain, such as Harwich, displays the repressive properties of P cytotype strongly in both somatic and germline tissues [108] . More recent studies on Lk-P(1A), as well as other telomeric P element insertions [112] [113] [114] [115] , has shown that there is a connection to the maternal inheritance of P cytotype, the germline piRNA pathway [116] [117] [118] [119] [120] [121] [122] and the heterochromatin protein Su(var)205 (HP1) [121] [122] [123] .
One of the most unusual features of hybrid dysgenesis is the multigenerational inheritance of the P elementrepressive state known as P cytotype. One important connection that was made in this regard came from the analysis of small RNAs, known as piwi-interacting RNAs or piRNAs, that co-purified with the Drosophila germline-specific Argonaute family members, piwi, aubergine and Ago-3 [117, 124] . The application of small RNA cloning and high-throughput sequencing showed that these proteins bound pools of small RNAs that were derived largely from transposable elements, including P elements. These findings illuminated how sites in the genome, such as the flamenco locus which contains an endogenous I factor polyA retrotransposon, can act as piRNA-generating loci that generate large amounts of piRNAs that silence endogenous or exogenous I factor transposons. It is thought that small piRNAs, complementary to endogenous P element mRNA, are transmitted to P strain oocytes and serve to silence P elements introduced by P strain sperm [117] . The piRNA system also functions to control transposon mobility in the mouse germline [125] . More recent studies have revealed connections of piRNAs to deposition of repressive histone chromatin marks and reduced levels of gene expression [126] .
One distinguishing feature of P strains isolated from the wild is the presence of 50-60 P element copies, about a third of which are full-length 2.9kb P elements. This evolution of a P strain has been recapitulated in population cages after transformation of M strains with single P elements, where the generation of P cytotype correlates with the accumulation of ∼ 50 P elements [13, 127, 128] . More recently, high-throughput sequencing was used to follow restoration of fertility in sterile P-M dysgenic hybrids [129] . This restoration of fertility correlated with insertion of transposons into piRNA clusters resulting in the production of piRNAs directed to the P element transcript. Interestingly, this study also showed that P elements and other transposons were mobilized during hybrid dysgenesis. Thus, hybrid dysgenesis results in transient transposon activation and then insertion of elements at new locations leads to transposon silencing by the piRNA pathway and a concomitant restoration of fertility [129] . These findings can explain how the P elements in wild populations may have spread so quickly in nature.
Paramutation is defined as an epigenetic interaction between two alleles of a locus, through which one allele induces a heritable change in the other allele without modifying the DNA sequence. In the case of P elements, P cytotype could be induced by telomeric P elements or clusters of P element transgenes to cause a homologydependent silencing termed the trans-silencing effect (TSE; [107] ). Recent studies using genetic crosses and highthroughput sequencing of small RNAs showed that clusters of P element-derived transgenes can convert other, previously inactive homologous transgene clusters into strong mediators of TSE [130] . Interestingly, this TSE can be transmitted through 50 generations and occurs without any chromosome pairing between the paramutagenic and paramutated chromosomal loci [130] . This multigenerational paramutational effect is mediated by inheritance of maternal cytoplasm carrying piRNAs homologous to the P element transgenes and requires the aubergine gene product, which is involved in piRNA biogenesis, but not Dicer-2 which is involved in siRNA production. This landmark study provides a genetic basis for the multigenerational inheritance of P cytotype.
III.B. Control of the tissue-specificity of Drosophila P element transposition by alternative RNA splicing One of the most startling findings regarding the regulation of P element transposition was the discovery that alternative pre-mRNA splicing was responsible for restricting expression of the P element transposase, and hence the entire syndrome of traits associated with hybrid dysgenesis, to germline cells [18] . It is now known that pre-mRNA splicing is a widely used regulatory mechanism for expanding proteomic diversity and increased splicing is correlated with organismal complexity [131] . The basic biochemical mechanism of pre-mRNA intron removal by the spliceosome is conserved in eukaryotic cells and alternative pre-mRNA splicing is mediated by RNA regulatory motifs called enhancers or silencers, which can be located in either introns or exons [132] . The tissue-specific splicing of the P element third intron (IVS3) has served as an important model system for investigating how alternative RNA splicing patterns are generated in distinct cell or tissue types and has led to detailed characterization of the first exonic splicing silencer (ESE) upstream of the P element third intron [133] ( Fig. 12A) .
Two lines of investigation of IVS3 splicing led to the conclusion that this control involves an inhibition of IVS3 splicing in somatic cells. First, a molecular genetic approach showed that mutations in the 5′ exon, upstream from IVS3, caused an activation of IVS3 splicing in somatic cells [18, 134, 135] . Specific sequence changes in the 5′ exon activated IVS3 splicing in somatic cells [134] . Second, a set of biochemical experiments showed that while IVS3 splicing occurred in mammalian cell splicing extracts, it was not observed in the Drosophila somatic cell extracts [136] . Titration of 5′ exon RNA into the somatic cell extract activated IVS3 splicing, suggesting that the action of trans-acting factors led to the inhibitory effect observed [136, 137] . It was noted that both IVS3 and the 5′ exon had a number of 5′ splice sitelike sequences and that these pseudo-5′ splice sites might play a role in regulating IVS3 splicing [136, 137] (Fig. 12A ). Another study using mammalian splicing extracts showed that mutations in the 5′ exon known to activate IVS3 splicing in Drosophila, also activated IVS3 splicing in vitro, suggesting the possible conservation FIGURE 12 Model for somatic inhibition of IVS3 splicing and splicing factors involved. A.) U1 snRNP (small nuclear ribonucleoprotein particle) normally interacts with the IVS3 5′ splice site (5′ SS) during the early steps of intron recognition and spliceosome assembly. In somatic cells (and in vitro) this site is blocked [137] . Mutations in the upstream negative regulatory element lead to activation of IVS3 splicing in vivo [134] and in vitro [137, 138] . The F1 site is known to bind U1 snRNP [137, 144] and the F2 site is known to bind the hnRNP protein, hrp48 [139] . An RNA binding protein containing four KH-domains which is expressed highly in somatic cells, called PSI, has also been implicated in IVS3 splicing control [143] of components [138] . Indeed, subsequent studies using in vitro splicing assays with Drosophila extracts showed that IVS3 splicing was activated by mutations in the 5′ exon [137] . RNA-protein interaction studies defined two elements in the 5′ exon termed F1 and F2, both of which bear sequence identity to 5′ splice sites and contain a reiterated sequence motif (AGNUUAAG) [137] . Mutations in the F1 and F2 sites that activate splicing in vitro, inhibit RNA-protein complex formation in nuclear extracts [137] . The F1 site binds U1 snRNP [137] and the F2 site binds hrp48 [139] (Fig. 12B) , a Drosophila hnRNP protein similar to mammalian hnRNP A1 [140] . Interestingly, hnRNP A1 causes use of distal (upstream) 5′ splice sites in vitro [141] and binding site selection data indicate it binds to sites resembling 5′ splice sites [142] . These results led to a model in which RNA-protein and -snRNP interactions in the 5′ exon exonic splicing silencer (ESS) cause an inhibition of IVS3 splicing by blocking access of U1 snRNP to the normal IVS3 5′ splice site [137] (Fig. 12A) .
Subsequent biochemical studies identified additional proteins that interact with the IVS3 5′ exon exonic splicing silencer. Proteins of 97kD and 50 kD proteins were identified as PSI (P element somatic inhibitor) and hrp48, respectively (Fig. 12B ). PSI contains four KHtype RNA binding motifs and two C-terminal direct ∼100 amino acid repeats [143] . Conserved residues in these repeat motifs are involved in direct interaction between PSI and the U1 snRNP 70K protein [144, 145] . A similar motifs are found in a mammalian alternative splicing factor called KH-type splicing regulatory protein (KSRP) and a related family of proteins called FUSEbinding proteins (FBPs) [146] . PSI interacts with the IVS3 5′ exon RNA, but not with heterologous RNAs [143] . Preferred RNA binding sites and RNA binding by the individual PSI KH domains have been examined [147, 148] . PSI protein is expressed highly in somatic cells, but at low or undetectable levels in the female germline [143] . The hrp48 protein specifically binds to the F2 element in the 5′ exon [139] and is expressed in both the germline and soma [143] . Hrp48 contains two N-terminal RNP-CS type RNA binding domains and a C-terminal glycine-rich domain [140] (Fig. 12B ). This structure is characteristic for this class of hnRNP proteins, termed 2XRBD-GLY, of which mammalian hnRNP A1 is a member [149] . Interestingly, these glycinerich low complexity protein domains have been implicated in human diseases [150] . The expression pattern of hrp48 in both germline and soma suggests that hrp48 might also play a role in the inhibition of IVS3 splicing in the germline, where IVS3 is known to be inefficiently spliced [151] . Our model for splicing repression is consistent with the general idea that RNA binding proteins can direct spliceosome components to specific sites in pre-mRNAs to generate differential splicing patterns [132, 133] .
Molecular genetic and genomic studies have addressed the roles of PSI and hrp48 in IVS3 splicing control in vivo. First, ectopic expression of PSI in germline cells caused a modest reduction in IVS3 splicing [152] . Antisense hammerhead ribozyme targeting of PSI mRNA in somatic cells resulted in activation of IVS3 splicing in the soma [152] . Both experiments suggest a role for PSI in the reduction of IVS3 splicing. Reduction of hrp48 levels in somatic cells using hypomorphic P element insertion alleles caused a small activation of IVS3 splicing in the soma [153] . These experiments also showed that hrp48 was encoded by an essential gene, and therefore must have additional functions involving cellular mRNAs. Genetic analysis of the PSI gene showed it to be essential and that the AB-repeat domain which interacts with U1 snRNP was essential for male fertility and normal courtship and mating behavior [154] , suggesting that PSI must regulate RNA processing of other transcripts in somatic and male germline tissues. More recently, characterization of the general role of hrp48 in alternative splicing has been investigated using splice junction microarrays and RNA immunopurification procedures to demonstrate a general role for hrp48 as a splicing repressor protein [155, 156] . These studies indicate how effectively the P element has made use of cellular RNA binding proteins to control the tissue-specificity of P element RNA processing.
IV. SUMMARY AND CONCLUSION
P elements invaded Drosophila in the early 20th century and spread rapidly through wild populations to avert the deleterious effects of hybrid dysgenesis. The creation of mutational insertions allowed the molecular cloning of P elements and their use as tools for Drosophila molecular genetics. Perhaps the most unexpected finding regarding P elements comes from the genome sequencing efforts of the past decade and the realization that P element-like genes or transposons (THAP9) exist in a variety of other animals. The THAP DNA binding domain, found initially to be at the N-terminus of the P element transposase, is now one of the most common animal-specific zinc-coordinating site-specific DNA binding domains. Finally, the unique role of GTP in the P element reaction pathway, as an allosteric effector that promotes synapsis of the transposon ends shed light on how the complex protein-DNA assembly of the P element transpososome is initiated. We anticipate that much more is to be learned by continued study of this now-widespread family of eukaryotic transposons.
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